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Introduction
Economic development and scientific progress have promoted the international division of labor, affecting the trade circulation of many countries. Typically, commodity production and final consumption occur in different geographic regions. Therefore, a country can reduce domestic production by importing commodities, thereby reducing domestic carbon emissions. This international trade model, while reducing the carbon emissions in consumer countries, causes pollution to rise in producing and exporting countries. The consumer countries should bear the corresponding carbon emission responsibilities. The current responsibility sharing system for carbon emission reduction only highlights the producer responsibility for production-side emissions of each country, that is, a country should be responsible for the greenhouse gases (GHGs) released in the production of commodities for export or domestic consumption. This system fails to consider the responsibility of foreign and domestic consumers for the carbon emissions. Compared with big exporters, large importers need to assume much responsibility for product consumption.
Since joining the World Trade Organization (WTO), China has actively participated in the global division of labor, witnessing a significant growth in the volume of foreign reflect the circulation of intermediate commodities. By contrast, the MRIO fully considers the production and circulation of different industries in different countries, yielding accurate measurement results (Tan et al., 2014) . As a result, the MRIO is more widely applied than the other two methods to measure the implicit carbon in international trade.
Diezenbacher et al. (2012) suggested splitting the trade of an enterprise into processing trade and general trade, aiming to prevent the overestimation of implicit carbon in trade by the traditional I-O method (Su and Ang, 2011; Xia et al., 2015) . Considering the difference in corporate ownership, Liu et al. (2016) analyzed the implicit carbon of China's trade by extended I-O, and suggested the overlook of corporate heterogeneity will exaggerate the implicit carbon emissions by 20%. Wei and Peng (2017) used the MRIO model to measure the energy sources related to China-US trade between 1995 and 2009, revealing that the exports to the US have become a major emission source to China. Li (2017) estimated the implicit carbon emissions incurred in Chinese and Japanese exports to countries along the Belt and the Road based on the GTAP9 database, discovered the implicit carbon difference in trade between these countries, and attributed the difference to the trade volume, implicit carbon intensity and trade structure of China and Japan. Lan (2015) Fang and Xu (2013) found that most of the CO2 generation in China is to satisfy the needs of other countries. Under consumer responsibility, Gao (2016) calculated the implicit carbon of various countries, decomposed the implicit carbon structure, and looked for the causes to difference in carbon emissions through multiple methods. Pan and Wu (2018) measured the implicit carbon of China-Japan trade using the World Input-Output Database (WIOD), pointing out China's deficit of implicit carbon in the trade and the concentration of export implicit carbon in the heavy industry. Yu and Wang (2017) evaluatedthe implicit carbon of trade between China and 36 countries and regions, decomposed the implicit carbon by structural decomposition analysis, and drew the following conclusions: China is faced with a net inflow of implicit carbon and needs to upgrade emission reduction technologies and reduce thecarbon emission intensity.
On the responsibility sharing of carbon emissions, more and more scholars have questioned about the fairness of the current producer responsibility emission reduction model. For instance, Munksgaard (2001) proved that it is difficult for Denmark to achieve its carbon emission reduction target, if the implicit carbon in its export is counted as domestic carbon emissions, as required by the principle of producer responsibility. Using the Trade in Value Added (TiVA) database, Xiao (2016) measured the residual GHG emissions of the producing countries, which arises from the final consumption of commodities in consumer countries, and suggested the consumer countries be the main undertaker of carbon emission responsibilities. Dong et al. (2018) carried out adata envelopment analysis (DEA) on responsibility sharing for implicit carbon in trade among different provinces in China, and divided these provinces into four regions. Comparing producer responsibility and consumer responsibility, Yu and Xu (2017) noted that China will assume fewer responsibilities for emission reduction under consumer responsibility than under producer responsibility. Hence, some scholars have proposed to replace the producer responsibility system with consumer responsibility, i.e. including the carbon emissions from the final consumption of self-produced and imported commodities into the total carbon emissions of a country. The consumer responsibility system can mitigate the carbon leakage. However, some problems may occur to the carbon emission efficiency of exporting countries or industries, as the carbon emission responsibility is passed to the final consumers.
In light of the above, this paper selects the major trade partners of China along the Belt and the Road, and employs the MRIO method to calculate the implicit carbon in their trade with China.
Materials and methods
The MRIO model consisting of n different countries can be expressed as Eq.1: 12  1  1  11  1 1   2  21  22  2  2  22  2 2 12 n ii n ii n n n nn n nn i n ni
where Ann is the direct consumption coefficient of domestic commodities in each country; Aij is the mutual demand between two countries, as reflected by the bilateral trade activities; xi is the output vector of country i; yii means country isatisfies the domestic demand for commodities; yir means country i satisfies the demand of country r for commodities, i.e. the final demand. Eq.1 can be simplified as , and rewritten as , with X being the world output vector and Y being the final supply vector of each country, including household consumption, government consumption, capital formation and inventory changes.
According to the Kyoto carbon accounting model, the production-side emissions refer to the carbon emissions fromcommodity production in a country, which has nothing to do with the consumption of the commodities. In this case, the total carbon emissions of a country is equivalent to the domestic production emissions. On the contrary, the consumer responsibility system considers both domestic and foreign carbon emissions caused by the final demand as the responsibility of the country. Thus, the consumption-side carbon emissions equalthe domestic emissions plus the foreign emissions. http Let be the world's emission intensity vector, with f1~fm being the carbon emissions from commodity production in different industries of the country, be the final commodities that meet the foreign demand, with y2, yi and yn being the final demand vectors of the country, and be the Leontief I-O matrix. Based on the MIRO model, the production-side carbon emissions of country i can be described as Eq.2:
where Ei is the total production-side carbon emissions of country i. The production-side carbon emissions can be further split into those meeting domestic demand and those meeting foreign demand, while the commodities that satisfy foreign demand can be subdivided into intermediate commodities and final commodities. Taking China as country i (i=1), the production-side carbon emissions of China can be expressed as Eq.3:
where is the Leontief I-O matrix of China. Similarly, China's consumption-side carbon emissions are generated across the world to satisfy the country's final demand. In this paper, China's consumption-side emissions refer specifically to the country's carbon emissions from the consumption of the final commodities in countries along the Belt and the Road. Hence, the consumption-side emissions of China can be expressed as Eq.4:
China's consumption-side emissions can be broken down into domestic emissions and foreign emissions. The former equals the country's production-side emissions that meets domestic demand, while the latter consists of the carbon emissions from foreign countries, which are generated through the intermediate and final commodities imported by China to satisfy its domestic demand. Thus, Eq.4 can be rewritten as Eq.5:
where and are the carbon emissions from direct imports and indirect imports, respectively.
There are three responsibility sharing systems for carbon emissions, namely, producer responsibility, consumer responsibility and common responsibility. The producer responsibility means the producer is responsible for the carbon emissions from the commodities produced within its territory, regardless if the commodities are consumed domestically or overseas. Despite its simplicity, this accounting approach neglects the shift of carbon emissions under trade, and hinders the emission reduction in developing countries with high carbon intensity. The consumer responsibility requires the consumer to assume part of the responsibility for carbon emissions. Compared to the producer responsibility system, this approach can mitigate carbon leakage, andpromote carbon emissions reduction and economic growth in developing countries like China. The common responsibility means both the producer and consumer should be responsible for carbon emissions. Under this system, a country's responsibilities are the sum of the producer's responsibility and the consumer's responsibility. Inspired by Pan et al. (2008) , a country's total carbon emissions can be divided into five parts, as shown in Eq.6:
Under the common responsibility system, China's responsibilities for carbon emissions can be expressed as Eq.7:
where m is the sharing factor; the first term in the second pair of brackets is the carbon emissions from intermediate commodities produced to meet domestic demand; the second term of the second pair of brackets is the carbon emissions from commodities produced to meet foreign demand; the part in the pair of square brackets is the carbon emissions from imported commodities that meet the domestic demand. The rest of the responsibilities should be borne by other countries along the Belt and the Road. This paper sets the sharing factor to 60%, such that the most able countries take greater shares and that consumers assume part of the responsibilities. The research data were extracted from the WIOD database, which includes the I-O data of 40 countries and regions across the world. The data of each country is divided into 56 industries. Here, 36 industries are adopted in the global MRIO table according to the Industrial Classification for National Economic Activities (GB/T 4754-2017) ( Table 1) . The data on the countries appear both in the WIOD database and on the Belt and Road Portal (www.yidaiyilu.gov.cn/) were downloaded, including but not limited to South Korea, India, Indonesia, Russia, Turkey, Czech Republic, Slovakia, Romania, Greece, Slovenia, Estonia, Bulgaria, Lithuania, Latvia, Croatia, Malta and Cyprus. Among them, the top five trade partners of China, namely, South Korea, India, Indonesia, Russia and Turkey, were selected for further analysis. In terms of trade volume, these countries account for 91.98% of China's trade along the Belt and the Road. Thus, it is suitable to compute the production-side and consumption-side implicit carbon with the data of these countries.
Results and Disscussion
By Equation (3) As shown in Figure 4 , electric equipment production (Ee) (303.62 Mt) is the leading contributor to China's consumption-side carbon emissions induced by direct import, followed by metallurgy (Me) (220.61 Mt), construction industry (Co) (219.67 Mt), textile industry (Te) (133.51 Mt), chemical industry (Ch) (143.88 Mt) and food industry (Fo) (110.94 Mt). In total, these six industries take up 55.99% of all direct importinduced carbon emissions. responsibility system, and 6,681.91 under the common responsibility system. The responsible amount under the consumer responsibility is 1.39 times that under the producer responsibility, and 1.13 times that under the common responsibility. This is because China imports more commodities from the countries along the Belt and the Road than its export volume to these countries. Comparatively, the common responsibility system is relatively fair, as China needs to assume part of the carbon emissions caused by imported commodities, which is relatively fair.
Figure 5. Responsibility of China under different sharing principles
The six industries that contribute the most to carbon emissions were selected to analyze their responsibilities under the three sharing principles.
For the leading contributor electricity and heating (Eh), its carbon emission responsibilities will be 1,240.77 Mt, 1,252.49 Mt and 1,247.81 Mt, respectively, under the producer responsibility, consumer responsibility and common responsibility. There is not much difference for this industry under the three sharing principles.
For the second largest emitter metallurgy (Me), its carbon emission responsibilities will be 777.98 Mt, 1,017.96 Mt and 921.97 Mt, respectively, under the producer responsibility, consumer responsibility and common responsibility. The responsible volume under consumer responsibility is 1.31 times that of producer responsibility.
For other large emitters like chemical industry (Ch), electric equipment production (Ee), mining industry (Mi) and machinery production (Ma), the gap between consumer responsibility and producer responsibility in responsible volume is even greater. For these industries, the responsible volume under consumer responsibility is 1.55 times, 2.17 times and 1.22 times that under producer responsibility, respectively.
The huge difference mainly arises from two factors: the industrial difference in carbon emission intensity and the shift in carbon emissions under international trade. For one thing, different industries differ widely in carbon emission intensity. Mining, energy and power industries emit carbon much more intensively than education and scientific research, exerting a high pressure for emission reduction in China. Of course, this also promises a high potential of the country for emission reduction. For another, integration is the main theme of global economic development. This trend brings huge benefits to China's economy. However, it also causes the transfer of carbon emissions, giving the country many unnecessary responsibilities for emission reduction. http 
Conclusion
As the world's largest carbon emitter, China is facing more and more pressure on coping with global climate change. Based on the WIOD database, this paper measures the trade volume between China and its leading trade partners on the Belt and the Road using the MRIO model, revealing the implicit carbon emissions in the trade, and analyzes China's responsibilities for reducing implicit carbon emissions in trade from different perspectives. The main conclusions of this research are as follows:
(1) China's carbon responsibilities in its trade with the top trade partners differs greatly with responsibility sharing principles. The responsible volume under consumer responsibility is much greater than the traditional producer responsibility system. Thus, China and other developing countries should highlight the fairness of responsibility sharing in international negotiations on climate, trying to develop a carbon accounting mechanism favorable to their own rights and interests.
(2) Implicit carbon emissions mainly come from industries with relatively high emission intensities, such as electricity, energy, mining, and chemical industry. All these industries are featured by high energy-consumption and low efficiency. The coalbased energy structure is the fundamental reason for China's high carbon emissions. In future, efforts should be made to increase energy efficiency, increase the proportion of clean energy in the energy structure, and promote the transition towards a clean and efficient consumption structure.
(3) Comparing the different responsibility sharing principles, China is advised to adopt the common responsibility mechanism, which is relatively fair for regions with a large amount of implicit carbon influx.
The future research will clarify China's carbon responsibilities in international trade, assess its emission reduction potential, and allocate the carbon emission responsibilities.
